Introduction {#sec1-1}
============

According to the cancer immune-surveillance theory, the host immune system can identify neoplastic cells and eliminate them when they arise (Sakuishi et al., 2010; Brusa et al., 2013). Anti-tumor immune response mechanisms play substantial roles to prevent tumor progression. But, tumor microenvironments inhibit the host anti-tumor immune responses through several immunosuppressive mechanisms (Wherry, 2011). One of the most important immunosuppressive mechanisms is the induction of T cell exhaustion (Wherry, 2011). Chronic Lymphocytic Leukemia (CLL) is the most common adult leukemia in western countries, and accounting for about 25-30% of all cases of adult leukemia (Ghia et al., 2007). Recent studies have indicated dysfunction of cell mediated immunity in CLL patients because of T cell exhaustion (Riches et al., 2013). T cell exhaustion describes a state of T lymphocyte dysfunction which commonly develops from persistence of antigens in chronic infections and tumors (Jin et al., 2011). Exhaustion is associated with the loss of T cell function in terms of proliferation, cytokine production, cytotoxicity as well as high level expression of multiple inhibitory receptors, including T cell immunoglobulin and mucin-domain containing-3 (Tim-3), programmed death-1 (PD-1, CD279), lymphocyte activation gene-3 (LAG-3), cytotoxic T lymphocyte associated protein-4 (CTLA-4), 2B4 and CD160 (Yi et al., 2010). Among these inhibitory receptors, PD-1 and Tim-3 are two important immune checkpoint molecules which have already been introduced as major T cell exhaustion markers in various chronic pathological conditions (Sakuishi et al., 2010; Zhou et al., 2011). PD-1, a member of CD28 receptor super-family, is a major immune checkpoint receptor in exhausted T cells (Butte et al., 2007; Mumprecht et al., 2009). PD-L1 (B7-H1; CD274) and PD-L2 (B7-DC; CD273) are two identified ligands of PD-1 which are commonly expressed on the surface of T cells, B cells, dendritic cells, macrophages and tumor cells (Butte et al., 2007; Mumprecht et al., 2009). When PD-1 binds to PD-L1, an inhibitory signal is transmitted which reduces T cell response such as cytokine production and proliferation (Butte et al., 2007). Tumor cells exploit this immune checkpoint pathway to evade from host immune responses (Brusa et al., 2013). It has been documented in previous study that blockade of PD-1/PD-L1 pathway could partially inhibit tumor growth and thus alternative pathways are involved (Koyama et al., 2016). Tim-3 is another inhibitory receptor which is mainly expressed on activated T cells, B cells and natural killer cells (Monney et al., 2002). Among different ligands identified for Tim-3, Galectin-9 (Gal-9) is the most studied one which is expressed on various tumor cells (Zhu et al., 2005; Zitvogel and Kroemer, 2012). Several previous studies have shown that PD-1/ PD-L1 and Tim-3/Gal-9 interactions attenuate T cell expansion and effectors function in tumor microenvironment and chronic infection (Sakuishi et al., 2010; Wherry, 2011; Brusa et al., 2013). Moreover, recent studies have indicated that co-expression of Tim-3 and PD-1 on T cells is associated with more severe exhaustion features (Jin et al., 2010). In our previous studies, the increased expression of Tim-3 and PD-1 together with functional defects have been documented in T-CD8^+^ (Taghiloo et al., 2017) and T-CD4^+^ (manuscript under review) of CLL patients. In this study, we hypothesized that leukemic cells from CLL patients increase the expression of Gal-9 and PD-L1 to interact with the inhibitory receptors, Tim-3 and PD-1, for induction of T cell exhaustion. A more comprehensive understanding about the inhibitory receptors and their ligands involved in T cell exhaustion may reveal a potential therapeutic target to restore the T cell function and control tumor progression.

Materials and Methods {#sec1-2}
=====================

Patients and healthy donors {#sec2-1}
---------------------------

Peripheral blood was obtained from 25 CLL patients who had not received any chemotherapy regimen attending the Hematology and Oncology Clinic of Imam Khomeini Hospital, affiliated to Mazandaran University of Medical Sciences, and 15 age and sex-matched healthy controls. Written informed consents were taken from all participants and the study was approved by the Ethical Committee of Mazandaran University of Medical Sciences. CLL diagnosis was done based on clinical evaluation, peripheral blood cell count, cell morphology, and immunophenotyping analysis according to the criteria outlined by WHO. CLL patients were clinically classified into different stages according to the Rai staging system and National Cancer Institute Working Group (NCI-WG) criteria. The Major clinical and laboratory characteristics of CLL patients and healthy controls are summarized in [Table 1](#T1){ref-type="table"}. The immunophenotyping profile of all CLL patients was previously described (Allahmoradi et al., 2017).

###### 

Major Clinical and Laboratory Characteristics of CLL Patients and Healthy Controls

  Characteristics      CLL Patients     Healthy Controls   p-value
  -------------------- ---------------- ------------------ -----------
  Number of subjects   25               15                 
  Sex                                                      
   Male                13               9                  0.24
   Female              12               4                  
  Age (years)                                              
   Mean ± SEM          62.24 ± 2.12     58.13 ± 2.53       0.34
   Range               48 -- 84         35 -77             
  WBC×10^3^/mm^3^                                          
   Mean ± SEM          39.79 ± 4.79     7.50 ± 0.49        \< 0.0001
   Range               13.48 -- 112.0   4.20 -- 9.79       
  Lym (%)                                                  
   Mean ± SEM          80.61 ± 2.18     35.83 ± 1.20       \< 0.0001
   Range               56 -- 95         27 -- 40           
  PLT×10^3^/mm^3^                                          
   Mean ± SEM          173.9 ± 15.39    214.6 ± 12.59      0.04
   Range               38 -- 365        131 -- 270         
  Hb (g/dl)                                                
   Mean ± SEM          12.19 ± 0.44     13.47 ± 0.46       0.04
   Range               6 -- 15          11 -- 15           

CLL, chronic lymphocytic leukemia; WBC, white blood cell count; Lym, lymphocytes percent in peripheral blood; Hb, hemoglobin; PLT, platelet count; SEM, standard error of mean; P-values \< 0.05 were considered significant.

RNA isolation and cDNA synthesis {#sec2-2}
--------------------------------

Peripheral blood mononuclear cells (PBMCs) were separated via Ficoll-Histopaque density gradient centrifugation according to the manufacturer's instructions (Biosera, Nuaille, France). Total RNA was isolated from 8×10^6^ PBMCs using RNeasy kit (CinnaGen, Tehran, Iran) based on the manufacturer's protocol. The quality of isolated RNA was confirmed by nano-spectrophotometer (WPA, Cambridge, England) and electrophoresis. Complementary DNA (cDNA) was reverse-transcribed from 1 microgram of total RNA in a 20µl reaction mixture containing 1μl random hexamer primer, 4μl of 5x reaction buffer, 1μl RNase inhibitor, 2 μl dNTP 10mM, 200 unit RevertAid M-MuLV reverse transcriptase enzyme and appropriate RNase/DNase free water. The mixture was then incubated at 25°C for 5 min, 42°C for 1 hour and 70°C for 5 min using the Thermo Scientific RevertAid first strand cDNA synthesis kit (Thermo Scientific, Massachusetts, USA).

Semi-quantitative Real-Time PCR {#sec2-3}
-------------------------------

Real-Time PCR was performed using Thermo Scientific Maxima SYBR Green/ROX qPCR Master Mix (Thermo Scientific, Massachusetts, USA) reagent in an iCycler iQ5 Real-Time PCR system (Bio-Rad, California, USA) with the following primers: Gal-9, forward: CAG TGC TCA GAG TTC CAC A, reverse: TGA GGC AGT GAG CTT CAC AC; PD-L1, forward: CTA TGG TGG TGC CGA CTA CAA, reverse: CTG CTT GTC CAG ATG ACT TCG; β-actin, forward: CCT TCC TGG GCA TGG AGT CCT, reverse: TGG GTG CCA GGG CAG TGA T. PCR reactions were amplified at 95°C for initial denaturation followed by 40 cycles at 94°C for 30 seconds, 59°C (Gal-9), 61°C (PD-L1) and 57°C (β-actin) for 30 seconds, and extension at 72°C for 30 seconds. The PCR amplicon sizes were 118 bp, 159 bp and 174 bp for Gal-9, PD-L1 and β-actin, respectively. Each run was completed with a melting curve analysis to confirm the specificity of the amplification and the absence of the primer dimers. Relative expression level of Gal-9 and PD-L1 mRNA was determined with 2^-ΔCt^ value using β-actin as an internal housekeeping gene.

Statistical analysis {#sec2-4}
--------------------

All statistical analyses were performed using SPSS 20 for Windows. Normality distribution of the obtained data was determined by Kolmogorov-Smirnov test. Mann-Whitney U test was considered to compare the mean differences between two groups. Spearman's rank correlation analysis was used to calculate the correlation coefficients. Data are expressed as means ± standard error of mean (SEM) and p-values less than 0.05 were considered significant. All graphs were prepared using the Graphpad Prism 6 software.

Results {#sec1-3}
=======

Upregulation of Gal-9 and PD-L1 mRNA in peripheral blood of CLL patients {#sec2-5}
------------------------------------------------------------------------

To investigate the mRNA expression profile of Gal-9 and PD-L1, PBMCs were isolated from CLL patients and healthy controls. Relative expression of Gal-9 and PD-L1 mRNA was evaluated in all samples by a semi-quantitative Real-Time PCR method using β-actin as an internal control. The primer efficiencies were defined as 100.4% and 104% for Gal-9 and PD-L1, respectively. Amplification curve and melting curve analysis results obtained for Gal-9, PD-L1 and β-actin are illustrated in supplementary figure. Our results demonstrated that Gal-9 was significantly over-expressed in CLL patients compared to healthy controls (p \< 0.0001, [Figure 1A](#F1){ref-type="fig"} and [B](#F1){ref-type="fig"}). Similar to Gal-9, our results showed the upregulation of PD-L1 immune checkpoint molecule in CLL patients in comparison with healthy controls (p = 0.005, [Figure 1C](#F1){ref-type="fig"} and [D](#F1){ref-type="fig"}).

![Gal-9 and PD-L1 mRNA Expression Profile in CLL Patients and Healthy Controls. Total RNA was extracted from peripheral blood and single-strand cDNA was synthesized. Real-Time PCR was performed with specific primers for Gal-9, PD-L1 and β-actin. (A) Relative mRNA transcript levels of Gal-9 in CLL patients and healthy controls. (B) Fold increase of Gal-9 mRNA expression in CLL patients compared to healthy groups. (C) Relative mRNA transcript levels of PD-L1 in CLL patients and healthy controls. (D) Fold increase of PD-L1 mRNA expression in CLL patients compared to healthy groups. Gene expression results are represented as mean ± SEM of 2^-ΔCt^ after normalization with β-actin as an internal control.](APJCP-18-2269-g001){#F1}

Gal-9 and PD-L1 mRNA were more expressed in CLL patients at advanced clinical stages {#sec2-6}
------------------------------------------------------------------------------------

In our previous study, we have indicated more expression of Tim-3 and PD-1 in T-CD8^+^ (Taghiloo et al., 2017) and T-CD4^+^ (manuscript under review) lymphocytes of CLL patients at advanced clinical stages compared to early stages. In the current study, the mRNA expression profile of their ligands, Gal-9 as Tim-3 ligand and PD-L1 as a ligand for PD-1, was explored in different clinical stages of CLL patients. As shown in [Figure 2](#F2){ref-type="fig"}, the relative expression levels of both Gal-9 and PD-L1 were significantly higher than in CLL patients at advanced clinical stages when compared to patients at early stages of the disease (p \< 0.0001 and p = 0.004, respectively).

![Gal-9 and PD-L1 Were More Expressed in Advanced Clinical Stages of CLL Patients. Total RNA was extracted from peripheral blood and single-strand cDNA was synthesized. Real-Time PCR was performed with specific primers for Gal-9, PD-L1 and β-actin. (A) Relative mRNA transcript levels of Gal-9 in early and advanced clinical stages of CLL patients. (B) Fold increase of Gal-9 mRNA expression in advanced clinical stages of CLL patients compared to early stages. (C) Relative mRNA transcript levels of PD-L1 in early and advanced clinical stages of CLL patients. (D) Fold increase of PD-L1 mRNA expression in advanced clinical stages of CLL patients compared to early stages. Gene expression results are represented as mean ± SEM of 2^-ΔCt^ after normalization with β-actin as an internal control.](APJCP-18-2269-g002){#F2}

Gal-9 and PD-L1 expression was positively correlated with Tim-3 and PD-1 expression in CLL patients {#sec2-7}
---------------------------------------------------------------------------------------------------

We have shown in our previous study that Tim-3 and PD-1 are highly expressed on T lymphocytes of our CLL patients (Taghiloo et al., 2017). To find any correlations between Tim-3 and PD-1 expression with the expression of their ligands in CLL patients, Gal-9 and PD-L1, the current results were analyzed with Tim-3 and PD-1 expression data of CLL patients from our previous findings. As shown in [Figure 3A](#F3){ref-type="fig"}, Gal-9 mRNA expression was significantly associated with the frequency of Tim-3^+^/CD8^+^ T cells (r = 0.426, p = 0.04). Moreover, PD-L1 mRNA expression was also significantly correlated with the frequency of PD-1^+^/CD4^+^ T cells in CLL patients (r = 0.608, p = 0.001) ([Figure 3B](#F3){ref-type="fig"}). There were no significant correlations between Gal-9 and Tim-3 expression in CD4^+^ T-cells and also between PD-L1 and PD-1 expression in CD8^+^ T-cells of CLL patients.

![Correlation Analysis of Gal-9 and PD-L1 mRNA Expression with the Frequency of Tim-3^+^ or PD-1^+^ T lymphocytes in CLL patients. Gal-9 mRNA expression was significantly associated with the frequency of Tim-3^+^/CD8^+^ T cells (r = 0.426, p = 0.04) (4A). PD-L1 mRNA expression was also significantly correlated with the frequency of PD-1^+^/CD4^+^ T cells in CLL patients (r = 0.608, p = 0.001) (4B).](APJCP-18-2269-g003){#F3}

Discussion {#sec1-4}
==========

T cell exhaustion is a state of acquired T cell dysfunction originally described in the context of chronic viral infections, solid tumors and hematologic malignancies (Sakuishi et al., 2010; Leite et al., 2015). In the tumor microenvironment, exhausted cells are characterized by upregulation of inhibitory receptors, decreasing in production of effector cytokines and low cytotoxic activity leading to the failure of cancer elimination (Jiang et al., 2015). Among the various inhibitory receptors, Tim-3/Gal-9 and PD-1/PD-L1 inhibitory axes are two important regulatory pathways which play key roles in the induction of exhaustion features during numerous chronic infections and tumors (Wherry, 2011; Kahan et al., 2015). In our previous studies, upregulation of both Tim-3 and PD-1 were detected on CD8^+^ T cells (Taghiloo et al., 2017) and CD4^+^ T cells (manuscript under review) of patients with CLL. To more confirm the involvement of these regulatory pathways in CLL, the current study has demonstrated the over-expression of Gal-9 and PD-L1 as the main ligands of Tim-3 and PD-1 in this chronic B cell leukemia. Furthermore, Gal-9 and PD-L1 were predominantly displayed at advanced clinical stages of CLL introducing them as possible prognosis biomarkers.

Accumulating evidence indicates that galectins family fall into the category of immune regulatory molecules in tumors, autoimmune diseases, chronic inflammatory problems and other immune pathologic conditions (Liang et al., 2008; Merani et al., 2015). Previous reports have demonstrated upregulation of Gal-9 in various tumors including renal cell carcinoma (Fu et al., 2015), cervical squamous cell carcinoma (Liang et al., 2008), as well as in murine AML (Zhou et al., 2011). Although the expression profile of some other galectin family members has been studied in CLL patients (Asgarian-Omran et al., 2010), there are not any reports evaluating Gal-9 expression pattern and involvement of this regulatory molecule in CLL patients. In our previous study, we have observed that Tim-3^+^/CD8^+^ T cells are increased in CLL patients and their frequency is correlated with more dysfunction of isolated CD8^+^ T cells (Taghiloo et al., 2017). So, possibly upregulation of Gal-9 by CLL leukemic cells and engagement of Tim-3 on immune cells help them to induce exhaustion processes in infiltrated CD8^+^ T cells and evade from immune effector anti-tumor mechanisms. Similar to Gal-9, unusual expression of PD-L1 has also been indicated in various human tumors, including breast cancer, ovarian carcinoma, melanoma, lung cancer, colon cancer (Dong et al., 2002; Leite et al., 2015) as well as in CLL patients (Brusa et al., 2013; Grzywnowicz et al., 2015; Li et al., 2017). Over-expression of PD-L1 is required for tumor cells to interact with regulatory receptor PD-1 on tumor infiltrated lymphocytes and escape from immune surveillance mechanisms (Brusa et al., 2013; Zeng et al., 2016). In a therapeutic perspective, blockade of the PD-1/PD-L1 and Tim-3/Gal-9 pathways by monoclonal antibodies have been described as a successful strategy to improve the anti-tumor immune responses in murine model of human malignancies (Zhou et al., 2011; Grzywnowicz et al., 2012). Now, it has been well accepted that blocking of PD-1/PD-L1 pathway alone does not completely restore T cell function indicating the involvement of supplementary negative regulatory pathways such as Tim-3/Gal-9 in T cell exhaustion (Koyama et al., 2016). Blocking of Tim-3/Gal-9 pathway has shown synergistic effects with PD-1/PD-L1 pathway inhibition to restore the function of exhausted CD8^+^ T cells (Sakuishi et al., 2010; Zhou et al., 2011). So, our findings from this study regarding Gal-9 and PD-L1 over-expression together with our previous results about Tim-3 and PD-1 upregulation (Taghiloo et al., 2017) in CLL patients may introduce these pathways as potential targets for combined immunotherapy. Consistent with this statement, Sakuishi et al., (2010) have reported that combined targeting of Tim-3/Gal-9 and PD-1/PD-L1 pathways is highly effective to control the proliferation of solid tumor growth such as colon adenocarcinoma, mammary adenocarcinoma and melanoma.

We further determined the levels of Gal-9 and PD-L1 expression in different clinical stages of CLL patients and their possible correlation with disease prognosis. We observed that both Gal-9 and PD-L1 were significantly more expressed at advanced clinical stages of CLL patients compared to early stages. Similar studies on renal cell carcinoma, melanoma and chronic lymphocytic leukemia have also demonstrated that PD-L1 expression on tumor cells is significantly associated with adverse prognosis (Thompson et al., 2006; Oba et al., 2014; Li et al., 2017). However, a contradictory study was reported that there is no correlation between PD-L1 expression and clinical stage of CLL patients. They found that PD-L1 expression is not associated with prognostic factors of CLL patients including the expression of ZAP-70, CD38 and the mutational status of IGHV (Grzywnowicz et al., 2015). Previous reports have also indicated that Gal-9 expression is a biomarker of disease outcome and correlated with poor prognosis (Klibi et al., 2009; Cedeno-Laurent and Dimitroff, 2012). So, Gal-9 and PD-L1 as the main ligands of immune inhibitory receptors, Tim-3 and PD-1, are highly expressed on tumor cells and more engagement of these pathways help tumor cells to escape from immune effector mechanisms. Our findings suggest the application of Gal-9 and PD-L1 as biomarkers of disease prognosis which their upregulation is correlated with worse prognosis of the CLL patients.

In summary, our results have demonstrated for the first time the upregulation of Gal-9 in CLL patients and also the over-expression of PD-L1 in this chronic leukemia. More expression of Gal-9 and PD-L1 in CLL patients at advanced clinical stages may introduce these molecules as suitable biomarkers for disease prognosis. Our data may warrant future strategies based on the manipulation of negative immune regulatory pathways for T cell reactivation in human cancer. Furthermore, the combination therapy of targeting Tim-3/Gal-9 and PD-1/PD-L1 pathways with conventional antitumor reagents or newly proposed vaccination methods should be considered and may be more effective in clinical cancer treatment. Hence, further studies are needed to investigate the detailed role of Gal-9 and PD-L1 in hematologic malignancies and their potential therapeutic effects to restore the function of exhausted T cells.
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![Amplification Curve, Melting Curve and Peak Analysis of Gal-9, PD-L1 and β-actin.\
Amplification curve, melting curve and peak analysis of Gal-9 mRNA expression (A), PD-L1 mRNA expression (B) and β-actin mRNA expression (C) obtained from Real-Time PCR assay.](APJCP-18-2269-g004){#F4}
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